1 In this paper, we derive closed-form expressions for the bit error rate (BER) for a distributed space-time block coded system, considering both perfect and imperfect channel estimation. For the special case of single relay, under the assumption of an appropriate power control, we show that the diversity order of two is obtained, achieving the maximum diversity order. Our analysis also demonstrates the existence of an error floor due to channel estimation errors.
I. INTRODUCTION
There is an increasing demand for wireless multimedia and interactive internet services, which require much higher speed data transmission and better power efficiency compared to current wireless communication systems. Spatial diversity offers significant improvement in link reliability and spectral efficiency through the use of multiple antennas at the transmitter and/or receiver side [1] - [4] . Although co-located multipleantenna techniques are quite attractive for deployment in the cellular applications at base stations and have been already included in the 3G wireless standards, employing a large antenna array might not be practical at the cellular mobile devices as well as at nodes in ad-hoc mobile networks, due to the size and power limitations of the mobile terminals.
Recently, it has been demonstrated that the cooperative diversity provides an effective way of improving spectral and power efficiency of the wireless networks without the additional complexity of multiple antennas [5] - [8] . The basic idea behind cooperative diversity rests on the observation that in a wireless environment, the signal transmitted by the source nodes is "overheard" by other nodes, which can be defined as "partners". The source and its partners can jointly process and transmit their information, creating a "virtual antenna array" although each of them is equipped with only one antenna.
The pioneering works on cooperative diversity address information-theoretical aspects of cooperative networks, investigating achievable rate regions and outage probabilities [5] - [7] . "Conventional" orthogonal space-time block coding (STBC) is suggested for practical implementation of user 1 The work in this paper was supported in part by grants from the Research Grants Council of the HKSAR (Project Nos. CUHK4217/03E and CUHK4170/04E). cooperation in a "distributed" fashion [7] . In [9] , Nabar et al. analyze distributed STBC operating in amplify-and-forward (AF) mode through the derivation of pairwise error probability (PEP) expression. They show that the original design criteria for conventional STBC (i.e. rank and determinant criteria) still apply for the design of distributed STBC schemes with appropriate power control algorithms.
The work in [9] assumes that the perfect knowledge of channel fading coefficients is available at the receiver side for the destination terminal. In practice, these coefficients must be estimated, which are usually not accurate, thereby leading to performance degradation. In this paper, we investigate BER performance for the distributed STBC scheme with both perfect and estimated channel state information (CSI), providing analytical closed-form expressions.
The rest of the paper is organized as follows: Section II introduces the system model. In Section III, we present BER expressions for both perfect and imperfect channel estimation assuming static and fading relay links. We provide numerical results in section IV, and finally conclude in Section V.
II. SYSTEM MODEL
A wireless communication scenario where the source terminal S transmits information to the destination terminal D with the help of the relay terminal R is considered (see Fig.  1 ). All terminals are equipped with a single antenna. We assume frequency-flat Rayleigh fading channel and adopt the user cooperation protocol proposed by [9] (1), α and β are defined as
respectively. After setting up the relay-assisted transmission model given by (1) in conjunction with (2)- (3), we now introduce space-time coding across the transmitted signals, i.e. x 1 and x 2 . For the case of one relay terminal (as considered here), we need to use STBC designed for two transmit antennas (i.e. Alamouti's scheme) where the code matrix is defined as
The received signals are now given as
III. BER ANALYSIS
In this section, we derive the BER expressions for both perfect and estimated CSI, assuming binary phase shift keying (BPSK).
A. Perfect Channel State Information (CSI)
In this subsection, we assume that the channel is perfectly known to the receiver. We consider both non-fading and fading
We start by considering that the R → D link is static (i.e. h RD = 1). Define the average signal-to-noise ratio,γ i where i = 1, 2, as
2 X → Y denotes the link from terminal X to terminal Y for S → R → D and S → D links, respectively. The exact closed-form BER expression is given by (See Appendix A)
When an appropriate power control is employed, i.e. E SD = E RD , and if
In this case, BER expression is given by (See Appendix A)
2) Fading R → D link: Now, we consider the case where the R → D link is subject to fading. For an exact BER expression, we need to perform an expectation over (9) with respect to |h RD | which follows a Rayleigh distribution. Unfortunately, this does not explicitly yield a closed BER expression. Yet, under a high SNR assumption, (9) reduces to
yielding
Here, Ei(z) is an exponential integral function defined as
. For small z (i.e. around the origin), Ei(z) can be expanded as a truncated power series as
where C is a Euler's constant [15] .
B. Estimated Channel State Information (CSI)
Now, we consider imperfect channel estimation. Here, the decoding process of x 1 and x 2 is based on the following statisticsx
whereĥ i is the estimate of h i . We modelĥ i = h i + z i , where z i is defined as the channel estimation error. It is assumed to be an independent zero-mean complex Gaussian random variable with variance σ 
1) Non-fading R → D link:
We start by considering that no power control is implemented. For the sake of simplifying the derivation, we assume E SD = nE RD , where n is a positive number. For E SR /N 0 1, the closed-form BER expression which gives a tight bound before reaching an error floor can be found as (See Appendix B)
where
Here, ν and Γ are denoted as the estimation error-to-signal ratio and effective signal-to-noise ratio respectively, where ν = σ 
ESR/N0·ESD
1+ESR/N0+ERD/N0 . For this case, we are able to find an exact BER expression as (See Appendix B)
2) Fading R → D link: For Rayleigh fading, assuming no power control, the BER expression becomes
Under high SNR assumption, (23) reduces to
which yields the unconditional expression as
As in (14) , a truncated power series representation given by (15) provides a good approximation to the above limit expression. 
IV. NUMERICAL RESULTS
First, we compare our analytical BER expressions given by (9) and (14) with simulation results in [9] . We assume E SR /N 0 = 30dB and E SD = E RD . As illustrated in Fig. 2 , simulation and analytical results match perfectly for the static R → D link while for the fading R → D link, our analytical BER expression serves as a tight bound of the simulated one due to high SNR assumption used in the derivation. We observe that there is a coding loss about 4dB due to the presence of fading in R → D link. Fig. 3 illustrates our analytical BER expressions for a wider range of E SD /N 0 . For reasonably high E SR /N 0 values, e.g. 20dB and 30dB, the curves achieve second order diversity before reaching the error floor that appears roughly when E SD /N 0 exceeds E SR /N 0 . This is an inherent disadvantage of the user cooperation protocol proposed in [9] . Fig. 4 demonstrates the error floor effect due to imperfect channel estimation. The closed-form BER expressions given by (21) and (27) are plotted assuming E SR /N 0 = 30dB, n = 1 and α = β = ω. For static R → D link, when the effective error-to-signal ratio, ν is at −20dB, the BER performance degrades rapidly compared with that of perfect channel estimation. The error floor for ν = −20dB appears about 10 −4 while that for ν = −∞ is about 10 −7 which levels off at a higher E SD /N 0 value. For ν = −10dB, the performance degradation becomes more severe resulting in an immediate error floor. For fading R → D link, we make similar observations noting an additional coding loss.
In Figs. 3 and 4 , we also include simulation results (illustrated by dashed lines) which confirm the accuracy of the derived analytical expressions.
V. CONCLUSION
In this paper, we have derived exact closed form BER expressions for the distributed space-time block coded sys- tem proposed by [9] . We have considered both perfect and estimated CSI with and without power control. Our results indicate that maximum diversity order is achieved with an appropriate power control. Furthermore, we investigated the effect of imperfect channel estimation which manifests itself as an error floor.
Here, h 1 and h 2 are complex Gaussian random variables, i.e. h i = |h i |e jθi for i = 1, 2, where |h i | is Rayleigh distributed and θ i is uniform distributed. Due to the symmetry of the problem, we only focus onx 1 afterwards. Normalizingx 1 , we definê
Now, we introduce the error term
where we defineñ
Conditioned on |h 1 | and |h 2 |, ξ = ξ R + jξ I is complex Gaussian, i.e. ξ R , ξ I ∼ N 0, σ 2 n α 2 |h1| 2 +β 2 |h2| 2 . Joint pdf of ξ R and ξ I is given as
Performing expectations with respect to |h i | which follows a Rayleigh distribution,
Here,
. Define d to be the half of the separation between the constellation points x 1 and x 2 of BPSK modulation. BER is obtained by performing the twodimensional integration
which yields (9) forγ 1 =γ 2 and (11) forγ 1 =γ 2 =γ.
APPENDIX B
• Derivation of (18) and (21) Starting from (16), we can writex 1 as
For BPSK modulation, BER is given as
Assuming E SR /N 0 1, and noting β/α = √ n, we have
which can be approximated as
Denote,
where ε 1 and ε 2 are independent and exponentially distributed, i.e. f εi (ε i ) = 1/ε i exp (−ε i /ε i ). Asĥ i = h i + z i , then σ 
where ν = σ 
which gives us the closed-form expression given by (18) following [12] . For E SD = E RD , then α = β = ω,
andε =ε 1 =ε 2 , wherē
Now, the BER expression is found as
which yields (21) following again [12] .
